This issue of the IBM Journal of Research and Development describes several recent advances in the field of nanoscience, with an emphasis on cathode-lens-based microscopy methods, including low-energy electron microscopy (LEEM) and photoemission electron microscopy (PEEM). Also discussed are related analytical approaches such as low-energy electron diffraction (LEED), thermionic electron emission microscopy (TEEM), mirror electron microscopy, and x-ray photoemission electron microscopy (X-PEEM). Briefly, a cathode lens is an electron optical arrangement in which the sample forms the cathode of an objective lens, resulting in a strong electrostatic field of approximately 100 kV/cm that accelerates low-energy electrons reflected or originating from the sample to a final energy range of 15-20 keV. This strong electrostatic field enables high spatial resolution in spite of the low electron energy values (0-100 eV) at the sample surface. The papers collected in this issue were all presented at the Seventh International Workshop on LEEM and PEEM, held from August 8 to 13, 2010, in Manhattan, and reflect the depth and breadth of the topics and issues discussed at the workshop. These papers highlight recent scientific advances, as well as instrumental developments on topics that include thin films, organic films, surface chemistry, magnetism, time-resolved methods, and novel applications of microscopy in material science.
The initial six papers of this issue focus on a variety of instruments and methods. The first paper, by Schramm et al., describes LEEM and spectroscopy with the Leiden Electronic, Structural, and Chemical Nanoimaging in Real Time (ESCHER) system. The authors describe the layout and capabilities of a new aberration-corrected LEEM and PEEM facility, which features real-and reciprocal-space spectroscopy. Here, the authors present images of the first experiments performed with ESCHER focused on the growth of graphene on SiC(0001).
Müllerová et al. discuss scanning transmission LEEM. In particular, the authors discuss an extension to the transmission mode of the cathode-lens-equipped scanning electron microscope, enabling operation down to lowest energy values of electrons. Penetration of electrons through freestanding ultrathin films is examined along the full energy scale, and contribution of the secondary electrons, released near the bottom surface of the sample, is shown to enhance the apparent transmissivity of the sample to above 100%. Experiments performed on graphene flakes and on a 3-nm-thick carbon film are used to demonstrate the method.
Kennedy et al. present Laplacian and caustic imaging theories of a mirror electron microscopy work-function contrast. The authors simulate the mirror electron microscope (MEM) contrast arising from a surface phase boundary associated with discontinuity in work function. The key approximations inherent in the theories are highlighted and investigated within strong and weak scattering regimes from the work-function test object. For sufficiently small defocus and surface height or potential variations, the Laplacian approach facilitates intuitive interpretation of the MEM contrast.
Höfer et al. discuss laser-excited PEEM using a fully tunable femtosecond laser system. The ferroelectric domain structure on a (001) surface of a BaTiO 3 single crystal prepared under ultrahigh vacuum conditions is imaged by laser-excited PEEM. The PEEM images allow for discrimination of three domain types by their different photoemission yields. To characterize the contrast between the different ferroelectric domains of BaTiO 3 ð001Þ in the region of 4.0-4.6 eV close to the photoemission threshold, the broad wavelength tunability of the femtosecond laser system is used.
Christensen et al. describe partial secondary electron-yield near-edge x-ray absorption fine structure (NEXAFS) spectromicroscopy with an energy-filtered X-PEEM. The narrow energy bandpass of an energy-filtered X-PEEM can lead to unusual artifacts when used for spatially resolved NEXAFS spectroscopy and imaging of organic surfaces. Work-function differences and the rapid work-function change with radiation exposure can impair quantitative chemical analysis by NEXAFS and invert the expected image contrast. The authors also find that Bpartial-yield[ detection from the narrow energy bandpass of an energy-filtered X-PEEM can lead to distorted NEXAFS spectra. These observations are relevant for the analysis of organic surfaces by energy-filtered X-PEEM but also call into question some assumptions about quantitative NEXAFS spectroscopy.
Zakharov et al. discuss nanoscale 3-D ðE; k x ; k y Þ band structure imaging on graphene and intercalated graphene using an X-PEEM equipped with a hemispherical energy analyzer. The authors have applied this technique to observe the band structure of zero-, one-, and two-monolayer graphenes on 6H-SiC(0001) and demonstrate that the interfacial buffer layer can be converted into quasi-freestanding graphene upon intercalation of Li atoms at the interface. High energy and momentum resolution of XPEEM along with short data acquisition times from submicrometer areas on the surface demonstrates the uniqueness and versatility of the technique and broadens its impact and applicability within surface science and nanotechnology.
The next five papers focus on applications in surface and interface science. Sun et al. discuss highly uniform step and terrace structures on SiC(0001) surfaces prepared via moderate annealing in disilane. Atomic force microscopy and dark-field LEEM imaging indicate single-phase terminations solely separated by half-unit-cell-height steps, driven by stacking fault energy. The atomic structure of 4H-SiC(0001)-p 3 Â p 3R30 -Si (4H-p 3, for short) has been quantitatively determined by nanospot LEED. The topmost stacking fault at the 4H surface has been found to be between the second and third bilayers.
Meyer et al. discuss in situ oxidation of ultrathin silver films on Ni(111). In particular, they investigate the oxidation of silver films of one-and two-monolayer thicknesses on the Ni(111) surface by LEEM at temperatures of 500 K and 600 K. Additionally, intensity-voltage ½IðV Þ curves were measured in situ during oxidation to reveal the local film structure on a nanometer scale. Exposure to molecular oxygen leads to destabilization of the Ag film with subsequent relocation of the silver atoms to small few-layer-thick silver patches and concurrent evolution of NiO(111) regions. Subsequent exposure of the oxidized surface to ethylene initiates the transformation of bilayer islands back into monolayer islands, demonstrating at least partial reversibility of the silver relocation process at 600 K.
Wall et al. describe the shape, orientation, and crystalline composition of silver islands on Si(111). The researchers use PEEM and spot profile analyzing LEED to study the temperature-dependent growth of Ag islands on Si(111). At low temperatures, polygonal islands are formed, consisting of both Ag(001) and Ag(111) crystal orientations. At higher temperatures, islands consist mostly of Ag(111) orientation and are predominantly of triangular shape. As the islands grow, it is possible that the crystalline composition of an island changes. The authors observed that Ag(001)-oriented areas convert into areas of Ag(111) orientation. The rotational orientation of the Ag islands with respect to the substrate is explained by a modified coincidence site lattice approach.
Tang et al. discuss Ga droplet surface dynamics during Langmuir evaporation of GaAs. Recent studies of Langmuir (free) evaporation of GaAs (001) have been reviewed. Running Ga droplets are observed, and the motion is predicted and seen to slow and stop near a characteristic temperature. Striking bursts of Bdaughter[ droplet nucleation accompany the coalescence of large Bparent[ droplets. These observations imply that evaporation and surface morphology are intimately connected, suggesting a new approach for the self-assembly and positioning of nanostructures on patterned surfaces.
Speckmann et al. discuss In adsorption on Si(112) and its impact on Ge growth. Ge growth on In-saturated Si(112) leads to the formation of 3-D islands, the morphology of which depends on the growth temperature. At 450 C, isotropic and dash-like islands are observed, whereas at 500 C, larger islands with a triangular outline are found. The orientation of the side facets of these triangular islands has been identified to be (111), (013), and (103). The dependence of the island density on the growth temperature indicates an enhanced Ge surface diffusion, as compared to growth on bare Si(112).
The final four papers emphasize applications in material science. Yamaguchi et al. present an x-ray magnetic circular dichroism (XMCD)-PEEM study on magnetized Dy-doped Nd-Fe-B permanent magnets. By utilizing a yoke as an absorber of the stray magnetic field from the sample, the authors obtained well-focused PEEM images of magnetized samples. The authors observed not only chemical distributions to visualize Dy-rich and Dy-poor areas but also magnetic domains by XMCD. The authors discuss the relationship between the chemical distribution and the magnetic domain structure.
Kotsugi et al. discuss a direct metallographic analysis of an iron meteorite using hard X-PEEM. The x-ray absorption fine-structure spectrum was obtained for each pixel in the PEEM image. The spectrum provides a wide variety of information, e.g., chemical composition, electronic structure, and lattice structure, in the interface region of the Widmanstätten structure. The shape of the absorption edge and the radial distribution function indicate that the structural phase changes from body-centered cubic to face-centered cubic as the Ni composition at the interface is increased. The use of PEEM and hard x-rays is an attractive approach for local structure analysis.
Vaughn Finally, Hlawacek et al. present results on the diffusion and submonolayer growth of para-sexiphenyl on Ir(111) and Ir(111)-supported graphene. Such organic thin films are of interest for large-scale electronics applications, but the quality of the films depends strongly on the growth processes and the resulting thin-film morphology. The authors show that the growth depends on the nature of the substrate, with strain or surface electronic effects playing an important role. Entire islands of flat-lying molecules are seen to diffuse over the graphene-covered Ir surface, while on the clean Ir surface, the organic molecules stand up, with island nucleation dominated by heterogeneous defects.
Taken together, these papers give a representative overview of the present state of this burgeoning field of research, as well as the impact that cathode lens microscopy is having on nanoscience and nanomaterials. With new microscopes and facilities continuing to come on line, with novel methods and techniques being developed in many laboratories, and with the application areas steadily expanding, we are looking forward to a very bright future for LEEM and PEEM, enabling scientific discoveries and progress in nanoscience that no other technique can afford. 
